While performing certain work upon dogs with a plethysmograph devised by Chillingworth and Hopkins) varying degrees of emphysema of the lungs were noted by them when the animals were autopsied. The plethysmograph was so constructed that the animal's entire body was subjected to a negative pressure by rarefying the air in the interior. The trachea was, however, connected to a tube leading to the outside air, so that the intratracheal and intrapulmonic pressure was that of the atmosphere and so much in excess of that of the extrathoracic pressure within the plethysmograph that the lungs and thorax were distended. The consequent rupture of the alveolar wails was controlled by the differences in these pressures which could be adjusted to a nicety.
While performing certain work upon dogs with a plethysmograph devised by Chillingworth and Hopkins) varying degrees of emphysema of the lungs were noted by them when the animals were autopsied. The plethysmograph was so constructed that the animal's entire body was subjected to a negative pressure by rarefying the air in the interior. The trachea was, however, connected to a tube leading to the outside air, so that the intratracheal and intrapulmonic pressure was that of the atmosphere and so much in excess of that of the extrathoracic pressure within the plethysmograph that the lungs and thorax were distended. The consequent rupture of the alveolar wails was controlled by the differences in these pressures which could be adjusted to a nicety.
The emphysema produced by this negative pressure method was acute and afforded no opportunity for clinical study, nor did this method of production simulate the factors concerned in pulmonary emphysema in man. In order, therefore, to produce a more gradual emphysema and at the same' time to simulate more closely the mechanism by which this condition is brought about in man, the writers undertook to devise a method which would accomplish this purpose. Since in cases of emphysema and asthma the respiratory difficulty is mainly one of expiration, our efforts were directed to a 1 CMll~ngworth, F. P., and Hopkins, R., J. Lab. and Clin. Med., 1919, iv, No. 9 (in press) . 75 duplication of this condition of altered respiration with a view to determining whether emphysema could be produced. It was found possible to accomplish this by introducing a ball valve into the trachea, which would prolong and partially obstruct expiration without impeding inspiration. A series of valves was constructed which offered varying degrees of expiratory impediment. In the early experiments it was found that many of the valves occasioned either too great or too little expiratory obstruction. Many trials were necessary, therefore, before the correct adjustment was obtained. With properly adapted valves it has been possible to produce at will mechanical emphysema varying from acute to chronic. These valves (Fig. 1) were made of brass tubing 4 cm. long, varying in outside diameter from 8 to 13 ram. and having an inside diameter or bore of 5 to 7 taro. Upon the upper end and outer side of the valve at opposite points were soldered two narrow fiat copper wings which projected about 1 cm. beyond the end of the valve. These wings when sprung slightly outward aid in maintaining the valve in position and prevent its expulsion by impinging against the mucosa of the trachea. Into each end of the cylinder a collar was inserted and these collars when so placed formed two small shelves, an upper and a lower, which projected a slight distance into the lumen of the tube. Small rectangular channels were cut into the shelves for the passage of air. The number and size of the channels were graded according to the air obstruction desired. A gutta-percha ball was placed between the two collars which during inspiration was sucked to the lower valve seat leaving the lumen of the tube open above and permitting free ingress of air through the several channels in the lower collar. During expiration the ball was raised against the upper collar, closing the upper lumen of the valve, thus permitting egress of air only through the channels, the narrowness of which offered the desired obstruction. The degree of this obstruction to expiration was graded to the number and width of the openings in the upper collar which varied from four channels with a width of 1 mm. and a length of 4 ram. down to collars carrying but two channels, having a width of 2 mm. and a length of 2 mm. The lower collar carried sufficient channels to insure practically normal inspiration.
Method of Introducing the Valve.--To insert the valves, the dogs were given a moderate dose of morphine, then deeply anesthetized with ether and placed on the belly. The tongue was pulled forward with a retractor exposing the glottis; with a long pair of forceps the lower lip of the glottis was pulled forward and the valve inserted in the trachea below the vocal cords. The size of the valve employed was selected in accordance with the size of the trachea of the animal used. The valve was carried into position by a wooden probang which entered the valve lumen readily and served as a director. When the valve was placed in position the director was withdrawn, thus completing the operation. A skiagraphic print of a valve in position is shown in Fig. 2 . This particular valve had been in position 20 days.
Upon recovery from the anesthetic and morphine many of the animals for the first few hours exhibit symptoms of marked tracheal irritation characterized by violent coughing and attempts to expel the valve. Within 24 hours this phase is replaced by utter lack of local irritation; in fact in chronic emphysematous animals external manual pressure upon the trachea and valve elicits little or no response. The probable explanation of this is no doubt analogous to the adaptability of man to the tracheotomy tube. There is present in both instances a primary irritation by the foreign body, but this stage is followed by a loss of reflex stimulation; the constant contact exerts a uniform degree of pressure upon the inner coat of the trachea, thereby probably producing a pressure anesthesia upon certain terminations of the laryngeal nerves. The irritation from the valve in the dog is less than that from the tracheotomy tube in man because there is less motion or friction between the cylinder and the trachea, and, again, the air inspired is first passed through its normal route and thereby filtered and warmed as contrasted with air received directly from the atmosphere with the tracheotomy tube. The bechic spasm is probably in part relieved by the coat of mucus formed below the valve.
For the purpose of studying the carbon dioxide content of the blood and alveolar air under circumstances simulating asthma, Friedman and Jackson 2,3 produced expiratory obstruction in dogs. The obstruction was occasioned by employing a one-way valve in conjunction with a T-tube in the trachea. The valve was arranged so that a screw attachment would control the degree of expiratory obstruction. Their experiments were conducted with dogs under anesthesia so that the valve necessarily acted for a short duration of time, with the animal breathing through the tracheal tube and in an unconscious state. With the ball valve arrangement the dogs are observed after anesthesia over prolonged periods of time and with the source of air through the upper respiratory passages as in normal dogs. In conjunction with their observations an acute emphysema of the lungs was noted by them and described by Fraser. 4 While a certain relationship exists in the two procedures the intratracheal ball valve permits obviously of observations under distinctly different conditions.
The present study has been based upon the observation of twentyfive dogs of varying sizes, ages, and types. The period has varied from 24 hours to 3 weeks from the time of valve introduction until autopsy. A routine observation of the dogs after the first 24 to 36 hours shows the animal apparently normal with the exception of expiratory dyspnea. This dyspnea varies from a mild to a marked degree depending upon the expiratory interference offered by the valve inserted. The presence of the valve in no way interfered with the health of the animal. The appetite was normal, and in fact with dogs that were received in a poor condition an actual gain of weight often occurred, due to proper food and care. There is a gradual enlargement and prominence of the thoracic cavity. In due course of time percussion elicits a hyperresonant note and the various features of emphysema are noted. While it might appear that accumulations of mucus would interfere with the valve action, such in reality does not occur because of the forced type of valve expiration. The valve action is readily heard with the stethoscope over the trachea. The most striking observation is the marked expiratory dyspnea noted after exercise or upon the brief inhalation of such 2 Friedman, E. D., and Jackson, H. C., Arch. Int. Med., 1917, xix, 767. 3 Friedman, E. D., and Jackson, H. C., Proc. Soc. Exp. Biol. and Med., 1916, xiii, 73. 4 See Friedman and Jackson, 2 p. 768.
mild respiratory irritants as dilute ammonia fumes or tobacco smoke. The manifestations simulate closely those of asthmatic paroxysms in man even to the occurrence of the wheezing sounds. Professor George S. Bel of the Department of Medicine was requested to examine one of the animals during a paroxysm occasionedby mild exercise. No information of any sort was given him and the following was the result of his examination: On inspection, the head was pushed forward, the thorax distended, and slight cyanosis was observed in the tongue and gums. The respirations were slow with marked prolongation of the expiratory phase. Percussion elicited a hyperresonant note over the lung area of both sides. Upon auscultation, sonorous and sibilant rltles were heard over both lungs. The expiratory sounds were markedly prolonged and accompanied with wheezing. The heart was irregular and there was noted an accentuation of the second sound over the pulmonic area. Diagnosis: Marked emphysema with accompanying asthmatic attack.
In connection with other observations graphic records of respiration were carried out. The pneumograph of Ellis was employed in conjunction with a modified Marey tambour, the transmitting tube of which was sufficiently rigid to withstand all possible pressure variations. The records were found practically consistent in their curve, the down-stroke recording inspiration and the up-stroke expiration. The series of respiratory tracings shown in Figs. 3 and 4 demonstrate typically the loss of respiratory balance concomitant with pulmonary emphysema. In Fig. 5 is seen the normal respiratory curve recorded during rest, the rate being fourteen per minute. The passive type of normal expiration is clearly shown in this tracing. Fig. 3 is a record of valve respiration made after the valve had been in position 48 hours, with the animal at rest, the rate being ten per minute. While the rate of respiration is slightly slower than that in Fig. 5 , the depth has been relatively increased so that this change is of no consequence. The striking difference between the normal respiration and the valve respiration as shown by the records is the increased length of time of expiration caused by the ball valve's changing the expiratory phase of respiration from passive to non-passive. Fig. 4 of this series was recorded after mild exercise which consisted in running the dog about for a few minutes.
This tracing exhibits several interesting new phases. In the first place the rate of respiration has not been increased; if anything it is slower than in Fig. 3 . Normally, exercise increases the rate and depth of pulmonary ventilation, but with the valve in the trachea the respiratory rate does not increase with exercise; in fact it is mechanically slowed, but correspondingly increased in depth. After exercise the expiration is markedly forced and prolonged, and it would seem that the forced expiration is responsible for the decrease in the rate. In a few instances attacks were precipitated by the temporary inhalation of dilute ammonia fumes or tobacco smoke, and in these cases the asthma-like paroxysms were extreme. The mechanical interference with expiration results in a change in the nervous regulation which more than counterbalances the chemical stimulation from exercise. The points marked x in Figs. 3 and 4 indicate the impinging of the ball against the upper seat and it can be readily seen that the remainder of the expiratory phase which occurs between this point and the beginning of inspiration is prolonged and forced. The inspiratory act is delayed and inhibited by the slow deflation of the lungs until sufficient collapse has taken place to produce the necessary stimulation of the pulmonary branches of the vagus.
Pathology.--All the animals were autopsied and the lesions produced observed, with special reference, however, to the lungs. As death was produced in the animals by anesthesia and possible changes might occur in the lungs as a result of this, certain precautions were carried out in order to reduce to a minimum the respiratory struggle. In certain instances death was produced by toxic doses of nicotine, but as a routine procedure it was our custom to give a large dose of morphine, and after 2 hours death was produced by a small amount of ether. Morphine has the double value in that it not only prepares the animal for ether, but it also causes a marked slowing of respiratory movements, thereby minimizing distention of the alveoli which might accompany death from ether anesthesia. The gross appearance of the experimental lungs presented in general the common picture observed in human emphysema. Its production was found to vary in extent and degree according to the type of valve employed and the duration of the experiment.
Upon opening the thoracic cavity the lungs in situ were distended and showed no tendency to collapse. The organs were usually quite pale in color indicating a diminution of the blood supply to the parts. After removal of the lungs distinct vesicular wall rupture was noted as evidenced by numerous bull~e-like clusters present over the surface but most marked along the lung borders. Fig. 6 demonstrates the ordinary gross aspect of the pluck wherein the period of time was 7 days. In animals where the experiment extended over a short period and in which the valve employed was markedly obstructive, the emphysematous tissue was not of the pale color noted in experiments of longer duration and with less obstructive valves. In these short period experiments small areas showing hemorrhagic extravasations were occasionally noted. Such extravasations were attributed to rhexis of the smaller vessels due to the intense pressure occasioned by the alveolar distention and consequent vascular disturbance. Similar hemorrhagic extravasations were noted by Frase# in the experiments of Friedman and Jackson, ~ wherein an acute emphysema had been produced by their method. Occasionally at autopsy the experimentally produced emphysematous lung revealed discrete and sharply defined small consolidated areas, distinctly red in color, which proved to be secondary lobular pneumonia.
The trachea showed but slight if any pathological changes in the area from which the valve was removed. At the locations of the wings or projections which retained the valve in position varying d~grees of inflammation from intense congestion to pressure necrosis of the surface with the presence of a slight amount of fibrinopurulent exudate were noted. This lesion was superficial and at no time did extensive sloughing occur. In the trachea below the valve and in the larger bronchi a slight amount of glary mucus was usually present.
Microscopic examination revealed the usual histopathology of emphysema in all the lungs studied. The walls of the air cells were abnormally thin. The interalveolar septa were in many instances ruptured giving rise to intercommunicating compartments of a few to many air cells. The larger vessels of the interstitial tissue were engorged as a result of the capillary obstruction. No evidences of hyperplasia of connective tissue were noted. Fig. 7 is representative of the usual histopathological picture presented.
Weigert's elastic tissue stain demonstrated the ruptured fibrils. In some areas these were greatly attenuated and broken, while in others coarser fibrils were abruptly ruptured and the ends curled.
Control Animals.--As a foreign body per se in the trachea might have been considered sufficient to produce the results obtained, animals in which a false valve was inserted were observed and studied. The control valve differed from the others only in that its inner collar was not slotted and that it contained no gutta-percha ball. These animals after primary local irritation had passed were normal in every respect and could not be differentiated from dogs in which no valve had been introduced. They could growl and bark at will. Infrequently, a slight movement of the control valve in the trachea following marked exercise would cause a mild degree of coughing and an attempt to expel the valve. Autopsy of such control animals showed no experimental emphysema. Here and there on the lung edges slight emphysema was noted. In this connection, however, it must be stated that such a picture is observed in a considerable proportion of dogs employed in routine physiological laboratory work, especially if death has been produced by a general anesthetic.
DISCUSSION.
Emphysema in man is commonly caused by various conditions wllerein there is an increase in the amount of residual air and some interference of the proper expiratory air egress. These factors may be permanent or they may be occupational or habitual. For example, emphysema is produced in those whose occupation is the blowing of wind instruments or glass blowing and the like. In these instances very full inspirations occur which include the complemental intake and are accompanied by difficult prolonged expiratory output through the instrument employed.
In certain bronchial conditions with proliferative or exudative thickening of the bronchial tubes and consequent narrowing of their lumina, it is probable that the condition may cause little if any impediment to the intake but may result in marked expiratory ob-struction and thereby produce emphysema. The explanation of this apparent anomaly is to be found in the well known physics of respiration which have already served to explain the difficult expiration of asthma. This mechanism is clearly expressed by Starling 5 as follows:
"There is, however, a difference in the mechanical conditions of the bronchi during the two phases of a respiratory movement. Normally the elastic structure of the lungs is drawing upon the bronchial wall, tending to maintain it patent, and so opposing the action of the bronchial muscle. During inspiration this expanding force is increased, so that in the presence of bronchial constriction the access of air is rendered the easier, the more powerful the contraction of the inspiratory muscles. In expiration all parts of the lung collapse, drawing with them the chest-wall; the pull of the lung tissue on the bronchial wall is lessened, but is still present. If, however, the expiratory muscles contract vigorously, the intrapleural pressure becomes positive, and the pull of the lung tissue on the bronchial walls is changed into a pressure tending to obliterate their lumen and so impede the out flow of air."
In addition to the above factors, it should also be remembered that at the beginning of the inspiratory act there is a rarefaction of the remaining air in the alveoli, which facilitates the ingress of air into the lungs, whereas the expiratory act is directed against atmospheric pressure.
The coughing associated with chronic bronchial lesions would seem to be a logical contributory cause in the production of emphysema just as in whooping cough. In coughing, complemental air is inspired and forcible expirations are impeded by a narrowed opening of the glottis.
The occurrence of asthma-like attacks following exercise of the animals is noteworthy, especially as asthma and emphysema are so often associated in man. It would seem that in instances wherein prolonged interference with expiration exists and under certain circumstances which demand a greater oxygen intake or carbon dioxide discharge, asthmatic seizures are precipitated. In support of this view Hoover and Taylor, G Friedman and Jackson, *,s and others have shown that such attacks are precipitated by an undue amount of alveolar carbon dioxide. The exact phenomena of this process seem as yet not definitely settled. In our experimental animals moderate exercise was employed to provoke the asthmatic syndrome, but in man emotions such as excitement, mucus accumulations, and other factors might provoke a similar paroxysm. With valves causing undue expiratory obstruction and consequent insufficient carbon dioxide discharge, asthma-like attacks can be produced experimentally immediately after insertion. As such a valve occasions a persistent obstruction which cannot be relaxed like the bronchial spasm, the valve must be removed or death will ensue. In man so called bronchial asthma per se is sometimes attributed to bronchial constriction alone, and it is considered that paroxysms can occur without, perhaps, any apparent exudation or thickening of the mucosa; however, even in these cases the spirals of Curschmann are usually present.
It has not been our purpose in this paper to consider such forms of emphysema as the senile and compensatory or that noted in experimental anaphylaxis by Auer and Lewis 7 and others, nor was it our intention to discuss fully bronchial or neurotic asthma. Nevertheless certain data bearing upon these may be observed by means of the experimentally produced emphysema herein described.
Our observations upon the production of emphysema in the dog have led us to believe that certain 'factors play an important part in its causation in man which may be enumerated as follows: (1) the degree and duration of the impediment to expiration; (2) the histological structure of the alveolar walls, including the character of the capillary vessels and of the elastic fibrils especially with reference to age; (3) the degree of bronchitis established; and (4) the efficiency of cardiac action. These factors combined or in part seem to form the basic units in the production of pulmonary emphysema.
CONCLUSIONS.
1. Experimental emphysema can be produced in dogs by impeding expiration by means of a properly constructed ball valve introduced into the trachea.
2. This method affords a practical means of study of various physiological, pathological, and clinical aspects of emphysema.
3. The experiments demonstrate that any lesion or factor capable of interfering sufficiently with proper air expulsion yet permitting of sufficient air intake will occasion emphysema.
4. Attacks simulating those of asthma are occasioned in experimental emphysematous animals after exercise as well as during and following inhalation of mildly irritant gases.
EXPLANATION OF PLATES. Fio. 6. Dog 3. Photograph of pluck, illustrating gross appearance of pulmonary emphysema. Distention of lung and bullm-like compartments can be noted. Hemorrhagic extravasations are present on the surface of one of the lobes. This experiment extended over a period of 7 days. l~Io. 7. Microphotograph of area of emphysema demonstrating thinning of alveolar walls and rupture of some of the walls forming communicating compartments. Congestion is present in the larger blood vessels. X 45.
